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When periodicity of crystal is disturbed by atomic disorder, its electronic state becomes inhomo- 
geneous and band dispersion is obscured. In case of Fe-based superconductors, disorder of chalco- 
gen/pnictogen height causes disorder of Fe 3d level splitting. Here, we report an angle-resolved 
photoemission spectroscopy study on FeSei-ajTe^ with the chalcogen height disorder, showing that 
the disorder affects the Fe 3d band dispersions in an orbital-selective way instead of simple obscur- 
ing effect. The reverse of the Fe 3d level splitting due to the chalcogen height difference causes the 
splitting of the hole band with Fe 3d x 2 — y 2 character around the F point. 

PACS numbers: 74.25. Jb, 74.70.Xa, 79.60.-i, 74.81.-g 



The inhomogeneous distributions of spin, charge, 
lattice, and gap magnitude discovered in high-Tc 
cuprate:PH2] have inspired tremendous research activi- 
ties on the relationship between the inhomogeneity and 
the high-T c superconductivity. The inhomogeneous elec- 
tronic state is deeply related to the phase competition 
or the quantum critical phenomenon which plays a cen- 
tral role for the emergence of high-Tc superconductiv- 
ity. On the other hand, the discoveries of high-T c su- 
perconductivity in Fe pnictides and chalcogenides have 
created a new wave of research activities on the high- 
Tc superconductors.^ The Fe-based superconductors are 
based on a multi-orbital system in which several Fermi 
surfaces with different Fe 3d orbital character are re- 
sponsible for the superconductivity while the cuprate ba- 
sically has single Fermi surface mainly derived by the 
Cu 3d x 2 — y 2 orbital. Therefore, although the com- 
petition between the magnetism and superconductiv- 
ity is commonly seen in the cuprates and the Fe pnic- 
tides/chalcogenides, the inhomogeneity discovered in the 
Fe pnictides/chalcogenides could be different from that 
in the cuprates due to the multi-orbital character. 

a-FeSe has the simplest crystal structure (anti-PbO 
type structure) among the Fe-based superconductors as 
displayed in Figs. 1(a) and (b)]. While a-FeSe shows su- 
perconductivity with T c ~ 8 Kp a-FeTe is not supercon- 
ducting and, instead, shows incommensurate spin density 
wave accompanied by structural transition from tetrag- 
onal to orthorhombic phaseP The spin density wave of 
FeTe exhibits a stripe- type spin modulation, the direction 
of which is different from that of the FcAs-bascd parent 
compounds such as LaFeAsO and BaFe2As2- FeSei-^Te^ 
(0 < x < 0.7) shows superconductivity with a maximum 
T c ~ 15 K. An extended x-ray absorption fine-structure 
(EXAFS) study has revealed that the Se and Te atoms 



are distributed with short Fe-Se bonds and long Fe-Te 
bonds as shown in Fig. 1(b) Since the difference in 
chalcogen height between FeSe and FeTe reverses Fe 3d 
orbital levels as displayed in Figs. 1(c) and (d), the Fe- 
Se/Te bond disorder may result in the Fe 3d orbital dis- 
order in the real space. In this paper, we report an angle- 
resolved photoemission spectroscopy (ARPES) study on 
FeSei-xTe^ which reveal the impact of ligand field re- 
verse between FeSe and FeTe on the fundamental elec- 
tronic structure of FeSei-^Te^. In FeSei-aTe^, the dis- 
tribution of the Fe-Se and Fe-Te bonds in the real space 
causes the splitting of the hole band with Fe 3d x 2 — y 2 
character around the Y point in the momentum space. 
Since the hole pocket of the Fe 3d x 2 —y 2 band is expected 
to play important roles in various proposed paring mech- 
anisms including s_| paring by s pin fluctuatiorPEI and 

s ++ paring by orbital fluctuation]^ the present study 
on the orbital-selective band splitting due to the chalco- 
gen height disorder suggests that the inhomogeneity in 
the orbital channel should be included to describe the 
Fe-based superconductors. 

We have studied single crystals of annealed 
FeSei-^Tea; with x = 0.6 and 0.9 which were grown 
as reported by Noji et al. 11 ARPES measurements 
were performed at beamline 9A, Hiroshima Synchrotron 
Radiation Center (HSRC) which has a normal incidence 
monochromator with off-plane Eagle mounting. The end 
station is equipped with a SCIENTA R4000 analyzer 
for angle-resolved photoemission experiments, which 
is a 200 mm mean radius spectrometer. The helical 
undulator and the monochromator provides circularly 
polarized light for the energy range of 4-30 eV. In the 
present experiment, the photon energy was set to hv = 
17 eV and 23 eV. Total energy resolutions including the 
monochromator and the electron analyzer were set to 18 
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FIG. 1: (Color online) (a) Crystal structure of FeSe/FeTe 
and (b) that of FeSei-^Te^ with short Fe-Se bonds and long 
Fe-Te bonds. The FeTe4 tetrahedron is elongated along the 
2-axis compared to the FeSe4 tetrahedron, (c) Fe 3d energy 
levels for FeTe and (d) those for FeSe. 
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FIG. 2: (Color online) Fermi surface mappings for annealed 
FeSeo.4Teo.6 at hv — 17 eV and hv — 23 eV. The dots indicate 
the band locations determined by peak positions of second 
derivative of MDC. 

meV and 14 meV for hv = 23 eV and 17 eV, respectively. 
The base pressure of the spectrometer was 10~ 9 Pa 
range. The single crystals were properly oriented on the 
sample stage by the standard Laue measurements and 
were cooled using liquid He refrigerator. We cleaved 
the single crystals at 14 K under ultrahigh vacuum and 
took ARPES data at 14 K within four hours after the 
cleavage. 

Figure 2 shows Fermi surfaces of annealed FeSei_ a Te K 
with x = 0.6 taken at hv = 17 eV and 23 eV. For the 
Fermi surface mapping, we used ARPES intensity inte- 
grated within an energy window of ±5 meV at the Fermi 
level (Ep). The momentum points where the bands 
cross Ep can be determined by maximum points in sec- 
ond derivative spectrum of momentum distribution curve 
(MDC) at Ep- The momentum points thus determined 
are indicated by the dots, and the Fermi surfaces deduced 
from the dots are shown in the maps. The cut from T 
(zone center) to M (zone corner) corresponds to the in- 
plane Fe-Fe direction. As commonly observed in various 



Fe-based superconductors, the hole-like Fermi surfaces 
around F and the electron-like Fermi surface around M 
are observed. The area of the outer Fermi surface in- 
creases in going from hv — 17 eV to hv — 23 eV, indi- 
cating that the Fermi surface depends on the momentum 
perpendicular to the FeSe plane. In the following discus- 
sion, we focus on the ARPES data taken at hv = 23 eV in 
which the Y point (zone center) of the two-dimensional 
Brillouin zone is rather close the Z point of the three- 
dimensional Brillouin zone, and the hole bands are more 
clearly observed compared to those at hv = 17 eV. 

Figure 3(a) shows band dispersions along the T-M 
direction of annealed FeSei-^Te^ with x = 0.6 at hv 
= 23 eV. The band dispersions are extracted from the 
EDC data displayed in Fig. 3(b). Three hole-like bands 
at the zone center are clearly observed. Among them, 
two outer hole-like bands cross Ep and the inner hole- 
like band does not cross Ep with top position at about 
20 meV below Ep judging from the energy distribution 
curve (EDC). (It is very difficult to identify the band 
top using the second derivative spectrum of MDC since 
the tail above the band top, which is mainly due to 
finite energy resolution, appears as a maximum point 
in MDC.) This is consistent with two hole-like pockets 
around the zone center (r point) observed in Fig. 2, and 
is qualitatively consistent with the previous ARPES re- 
sults on FeSeo.42Teo.58p^ FeTef^ Fei.03 Teo.7Seo.3P 1 and 
FeSeo.gTeo.a. 1121 

The present results show that the effect of Fe-Se/Te 
bond disorder is apparently small in the momentum 
space. The difference of Fe-Se/Te bond, in particular, 
Se/Te height from the Fe plane is predicted to give sub- 
stantial change of the electronic structure between FeSe 
and FeTe both in the zone center and zone corner.^ I n 
the case of FeSe, there are the x 2 — y 2 band below Ep and 
only yz/zx bands crossing Ep around Y point, while, in 
the case of FeTe, there are three bands crossing Ep and 

~~ y 2 (y z I zx ) bands have higher (lower) energy around 
r. Although the Fe 3d orbitals are completely disordered 
due to the bond disorder, the clear band structures sur- 
vive around the zone center. Here, it should be noted 
that the Se/Te distribution in FeSei-zTez becomes more 
homogeneous or more random by annealing as confirmed 
by x-ray diffraction analysis and electron probe micro 
analysisPEH 

The momentum dependent effect of atomic disorder in 
random alloys of ABi- x C x ^^ in which the local struc- 
ture around the A site is disordered although the end 
members AB and AC possessing perfect crystallographic 
symmetry,^ provides a hint to understand the ARPES 
results of FeSeo.4Teo.6- In the strongly perturbed alloys, 
the band structure of AB\- X C X deviates from the av- 
erage between those of AB and AC due to formation of 
impurity bands. The specialty of Fe(Se,Te) is that the Fe 
3c? level splitting is reversed between FeSe and FeTe. The 
EXAFS results^ indicate that the Fe 3d orbital splitting 
locally have FeSe-like orbital state or FeTe-like orbital 
state instead of the average between them. In such case, 
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FIG. 3: (Color online) ARPES results for annealed 
FeSeo.4Teo.6 taken at hv = 23 eV. (a) Second derivative plot 
of EDC. (b) EDC spectrum along F-M. (c) Second derivative 
plot of MDC around V point. ARPES results for annealed 
FeSeo.iFeo.g taken at hv — 23 eV. (d) Second derivative plot 
of EDC. (e) EDC spectrum along T-M. (f) Second derivative 
plot of MDC around V point. 
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FIG. 4: (Color online) Momentum distribution of single- 
electron excitation (a) for the ID multi-band model with ran- 
dom orbital level splitting, (b) for the (0,0) to (n,0) direction 
of 2D model, (c) for the (0,0) to direction of 2D model. 

Momentum and energy are given in units of n/a and t where 
a is the lattice constant and t is the transfer integral. 



the FeSe-like band dispersion and the FeTe-like band dis- 
persion can coexist in the momentum space to be ob- 
served by ARPES. 

In order to support this scenario on the coexistence 
of FeSe-like and FeTe-like band dispersions, momentum 
distribution of single-electron excitation is calculated us- 
ing a 19-site one-dimensional (ID) model and a 19 x 
19-sites two-dimensional (2D) model with random Fe 3d 
level splitting. In the present models with Fe 3d x 2 — y 2 , 
yz, and zx orbitals, the energies of x 2 — y 2 , yz, and zx 
are set to -2t (2t), 0, at the FeSe-like (FeTe-like) sites to 
consider the reverse of orbital splitting. In the ID model 
with lattice constant a, the transfer integrals between 
the neighboring x 2 — y 2 and zx orbitals are set to t while 
those between the neighboring yz orbitals are set to t/2. 
In the 2D square lattice model with lattice constant a, 
the transfer integrals between the neighboring xy orbitals 
are t/2 along the x- and y-axes and those between the 
neighboring yz {zx) orbitals are i/4 and t/2 (t/2 and i/4) 
along the x- and y-axes respectively. All the configura- 
tions for - 40% FeSe-like sites and ~ 60% FeTe-like sites 
are included in the ID case while 10000 configurations are 
randomly selected for the 2D case. The calculated mo- 
mentum distribution for the ID model is displayed in Fig. 



4(a) where the Fe 3d x 2 — y 2 band is split into the two 
bands which correspond to the FeTe-like and FeSe-like 
band dispersions (roughly follow = ±2t + 2t cos(k x ) as 
indicated by the dotted curves respectively). The split- 
ting of the Fe 3d band is also reproduced in the 2D model 
along the (0,0) to (7r/a,0) direction [Fig. 4( b)] and along 
the (0,0) to (n/a,Tr/a) direction [Fig. 4(c)]. In the 2D 
case, the band dispersions of the Fe 3d x 2 — y 2 bands are 
roughly fit to = ±2t + 0.7t[cos(k x ) + cos(k y )] (shown 
by the dotted curves) indicating that renormalization ef- 
fect with factor of 0.7. The renormalization effect due to 
the random orbital distribution could contribute to the 
enhancement of electronic specific heat in FeSe^Tei-^. 

The ARPES results of FeSeo.4Teo.6 can be interpreted 
on the basis of the present calculations. The inner hole 
band labeled as a can be assigned to the x 2 — y 2 band 
of the FeSe-like orbital state. On the other hand, the 
outer hole band labeled as 7 is derived from the x 2 — y 2 
band of the FeTe-like orbital state. The yz/zx bands 
of FeSe- and FeTe-like orbital states, which are almost 
degenerate in the LDA calculations,^ can be merged as 
demonstrated in the above calculations and can be ob- 
served as /3. At x — 0.6, the annealing induces small 
increase of which is probably due to strain relaxing 
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atomic redistribution for the two kinds of orbital states, 
suppressing the magnetic order of FeTe-like orbital do- 
mains (compressive for the one and tensile for the other 
domains) as happens in various granular superconductors 
and random alloysP^ At this point, it is very interesting 
and important to study x — 0.9 in which the as-grown 
sample is not superconducting and the annealing induces 
T c ~ 11 KP 

Figure 3(d) shows band dispersions of annealed 
FeSei-zTe^ with x = 0.9 at hv = 23 eV. The band dis- 
persions are extracted from the EDC data displayed in 
Figs. 3(e). At least two hole-like bands at the zone center 
are observed. The Te rich sample is dominated by the 
FeTe-like orbital states. Therefore, it is expected that 
the x 2 — y 2 band (labeled as 7) is higher in energy than 
the yz I zx band at the zone center and the x 2 — y 2 band is 
smoothly connected to the flat band at the zone corner. 
This expectation is consistent with the observed band 
dispersions shown in Figs. 3(d) and (f). In addition, the 
width of the outer hole band labeled as 7 is smaller at x — 
0.9 than x = 0.6. Such band structure of FeTe is known 
to support magnetic state instead of superconductivity. 
However, at x = 0.9, the Se/Te distribution helps to form 
FeSe-like orbital site where the yz/zx band (labeled as 
/3) is higher in energy than the x 2 — y 2 band (labeled as 



a). Here, it should be noted that the intensity of band 
a is very small at x — 0.9 compared to that at x = 0.6, 
consistent with the assumption that it is derived from 
the minor FeSe-like orbital state. At this stage, one can 
speculate that the superconductivity appears at x = 0.9 
due to strain relaxing distribution of the domains with 
different orbital states on annealing. 

In conclusion, we have reported an ARPES study on 
the annealed FeSer-uTe^ (x = 0.6 and 0.9). The compar- 
ison between the band dispersions at x — 0.6 and those 
at x — 0.9 shows that the disorder of Fe 3d level splitting 
affects the Fe 3d band dispersions in an orbital-selective 
way. The hole bands at the zone center in FeSei-^Te^ 
can be assigned to the Fe 3c? bands from the FeSe-like and 
the FeTe-like orbital states as supported by the model 
calculation. At x = 0.9, the minor FeSe-like orbital state 
may induce the superconductivity due to strain relaxing 
atomic distribution under the atomic disorder. 

The synthesis and characterization of the FeSei-^Te^ 
single crystals were supported by a Grant-in- Aid for Sci- 
entific Research from the Japan Society for Promotion 
of Science. The synchrotron radiation experiments have 
been done with the approval of HSRC (Proposal No. 10- 
A-10). 
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